When a doublet of closely spaced microearthquakes occur nearly simultaneously, their overlapping waveforms complicate the picking of first-arrival times and challenge traveltime-based location methods to estimate the location and origin time of each event in the doublet. The reverse-time imaging (RTI) method locates earthquakes by backpropagating the reconstructed wave fronts of P and S waves to the source locations thereby removing the need to pick first arrivals. Using an elastic RTI method, we successfully estimated the locations and origin times of a doublet of microearthquakes: an M L 0.1 event reported by local earthquake monitoring system and second microearthquake that occurred 0.7 s earlier that was missed by the official monitoring network in the Three Gorges Reservoir region, China. We introduce a time-depth constrain to estimate the origin time and to evaluate how robust the imaged source location is with respect to possible errors in the velocity model. For our case, a model with slightly lower velocities will result in an earlier origin time but will have less effect on the estimated source depth. Results of this study suggest that, by applying the RTI method it is possible to locate doublets with overlapping first arrivals.
I N T RO D U C T I O N
Microearthquakes referred to events of magnitude less than M2.0 (Bohnhoff et al. 2010) . In earthquake-prone areas closely spaced microearthquakes may occur nearly simultaneously. Due to the high occurrence rate for smaller earthquakes (Lee & Stewart 1981; Fehler & Phillips 1991) , the chance for two such smaller earthquakes (a doublet) occurring close in space and time is high. The region around the Three Gorges Reservoir (TGR) along the Yangtze River in China is particularly prone to multiple small earthquakes as a result of loading due to recent impoundment of water.
The TGR region has been subject to a significant increase in the number of earthquakes after the full impoundment of the reservoir in 2003 (communication with Hubei Earthquake Administration). Most of the events are microearthquakes, under M L 2.0, occurring along existing faults. The small earthquakes have a higher occurrence rate and smaller seismic amplitude than the big earthquakes (Lee & Stewart 1981; Fehler & Phillips 1991; Abercrombie 1996) , and hence doublets of microearthquakes should be common. The TGR local permanent seismic network (TGRSN) was established in 2000 to monitor the expected increase in local earthquakes as a result of the completion of the dam and impoundment of water. The nominal station spacing of 15 km in the permanent network was designed to monitor local earthquakes with magnitudes (M L ) greater than 0.5 (Liu & Zhang 2002) . However, no doublet of earthquakes in TGR has been reported so far. A major reason for missing doublets may be that the first arrival-time based location method used by the local earthquake monitoring system is mostly effective for locating individual events that are well separated in time but will not be effective for locating doublet (Kao & Shan 2004) .
This study will show that the reverse-time imaging (RTI) method can be used to locate a doublet. The RTI method maps the seismic sources based on the constructive and destructive interferences of backpropagated wavefields (McMechan 1982; Hu & McMechan 1988; Gajewski & Tessmer 2005) . By using waveforms the RTI method does not require picking arrival times of events. This is important to locate doublets with unclear and/or overlapping wave fronts. Larmat et al. (2010) reviewed many examples of using the RTI method to map earthquakes in different geological settings. RTI has also been applied to locate weak microtremors associated with hydrocarbon production (Steiner et al. 2008 ) and volcanic activity (O'Brien et al. 2011) . With its many advantages, the RTI method should be able to map doublets in the TGR region.
In this study, we will first briefly introduce the acquisition of seismic data using temporary network in TGR region. The moveout analysis and spectra analysis will be applied to distinguish two events in a doublet. Then, we will apply RTI method to locate the doublet using field data acquired by temporary network. A timedepth constrain will be introduced to estimate the origin times of two microearthquakes in the doublet. The results of the field data study will be verified by a synthetic test.
F I E L D DATA A C Q U I S I T I O N A N D P RO C E S S I N G
We deployed a temporary seismic array in the TGR region for 1 month in the summer of 2010 to monitor the local seismicity. This temporary array consists of 43 TEXANs (Reftek 125A, REF TEK, A Division of Trimble, Texas) coupled with 4.5-Hz vertical component geophones at a nominal 5 km station spacing (black triangle on Fig. 1a ) which is about a third the spacing of the 15 km station spacing of the local permanent network (green triangles, Fig. 1a) . The local permanent network is operated by the Hubei Seismologic Bureau Figure 1 . (a) Geological map of the Three Gorges Reservoir (TGR) area showing major faults (red solid and dashed line), temporary seismic stations (black triangles), local permanent stations (green triangles) and major cities (pink circles) in the region. The red and blue stars show the locations of the epicentres of the two events, S1 and S2, respectively. The square drawn with a black dashed line encloses the temporary stations used in this study. (b) 1-12-Hz bandpass filtered seismic data recorded by the temporary network. The seismograms are arranged by distance from the published location of S1. The stations to the south of S1 have negative offsets. The red arrows at offsets of 6 and 9 km point to the seismograms recorded at stations c and d shown in panel (a) . The red dashed curve shows the trend of the suspected waveforms from event S2.
(the government agency that routinely catalogues regional seismicity). The temporary network was also designed to compensate for the permanent networks poor coverage in the west-east direction, especially around Badong where most of earthquakes occur.
During our 1-month deployment, more than 30 local earthquakes were detected by the combined temporary-permanent network. According to the published earthquake catalogue, most of the events were smaller than M L 1.0 with only four events having magnitudes larger than M L 2.0 (personal communication with the Hubei Seismologic Bureau in 2010). By scanning the seismic data recorded by the dense temporary network, we identified an event with the waveform overlapping with that of a published M L 0.1 earthquake. As indicated by the following analysis, those two events occurred at almost the same time and form a doublet. For simplicity, we will refer to the published event as 'S1' and the 'hidden' event detected by the temporary network as 'S2'. Fig. 1(b) is a bandpass filtered (1-12 Hz) seismic section showing the recoding from the temporary network with respect to S1's time and location. The profile is displayed from south (negative distance) to north. In Fig. 1(b) , the first-arrival waveforms of S1 are clearly observable between 0 and 10 s at near offset, and followed by another event S2 with similar slope (parallel, highlighted as a red dashed line on Fig. 1b ) at negative offset. However, the slope of the wave front for S2 is opposite to those of S1 at the positive offset of less than 20 km. Relative to S1 the wave front for S2 slope away from the 20-km offset such that the two first arrivals overlap with each other. The wave front of S2 near 20-km offset has shorter traveltime than those near zero offset in which case the stations near 20 km must be closer to S2 than those stations near S1.
The waveform of event S2 appears to have longer period, and hence lower frequency than that of S1. This apparent difference in frequency contents can be used to separated the two events. The instrument response was deconvolved from the seismograms prior to any other processing or display so any apparent differences in frequency is reflective of the event and propagation effects and not the equipment. Figs 2(a) and (b) show the spectra of two channels located at 4 and 9-km offsets from S1 (stations c and d in Fig. 1a) , respectively. The spectra are generated using a 1-octave bandpass filter to scan the data at frequency range from 0.1 to 15 Hz. The spectra in Fig. 2 reveals that S2 has lower frequency content than S1, which is consistent with our estimation in time domain. Fig. 2 also shows that for stations c and d, as offset from S1 increases, the arrival time of S1 increase while the arrival time of S2 decrease. This opposite moveouts indicate that those two events are located on opposite sides of stations c and d, or that the zero offset point for S2 is to the north of station d.
RT I O F A D O U B L E T O F M I C RO E A RT H Q UA K E S

RTI method and parameter settings
In RTI method, the time-reversed seismograms are backpropagated from their receiver locations into the media. The backpropagated wavefield will interfere constructively at the source location and will interfere destructively elsewhere (Fink 1997; Larmat et al. 2010; Larmat & Clay 2011) . This process is similar to seismic migration methods used in reflection seismology. RTI has two steps: (1) backward continuation into the media in three dimensions and (2) imaging condition. In this study, the 'backward continuation' process is performed by using elastic waveform modelling to backpropagate the seismic records from each station to all subsurface points and at each time samples that are at the correct distances and times to have produced the recorded signal. The RTI method reconstructs the wave front by solving the boundary problem of the elastic wave equation for both P and S waves using 3-D pseudospectral elastic modelling modified from the method of Kosloff et al. (1984) . The time-reversed seismogram is essentially fed back into the Earth regardless of the content of the seismogram (signal or noise). When noise is backprojected it would sum randomly to form the stable background amplitude in the media. However, when a legitimate signal is backprojected there will be a bright spot (large amplitude) at the location and origin time of the event. The 'imaging condition' of RTI is to search the maximum value of the imaged wavefield at each time step. The value of the imaged wavefield can be amplitude, divergence, curl or energy flux (Larmat et al. 2009; O'Brien et al. 2011) . In this study, we found that the amplitude of the displacement is sufficient for identifying the times and locations of both.
To prepare the data for RTI processing, we corrected the raw data by removing the instrument response and producing a flat response down to 0.5 Hz, then applied a 1-10 Hz bandpass filter and finally integrated the filtered data to generate the vertical-component displacement seismograms. The displacement records were then cut to 16 s in length; a sufficient window to include the wavefield following the published origin time of S1 before inputting these data into the RTI program. To correct for possible site effects each trace was normalized by its maximum value.
The number of stations used in the RTI analysis was reduced to improve the computational capability. The computation of RTI processing is extremely time-consuming. Reducing the number of stations reduces computation time by excluding those stations far from the sources. The stations that were retained were those closest to the events and within our modelling limitations. Another reason for selecting the closest stations is that no appropriate 3-D velocity model was available for waveform modelling in TGR Downloaded from https://academic.oup.com/gji/article-abstract/196/3/1858/586552 by Texas Tech Univ. Libraries user on 06 March 2019 region, so we only included stations that were considered to be located in a region where a homogeneous velocity model was adequate to backproject these data (Zhang et al. 2009; Zou et al. 2011) . Only 21 of the 43 temporary stations were used in the event location discussed below. The selected stations are within the region bound by longitude from 110.1E to 110.58E and latitude from 30.83N to 31.21N (those stations within the dashed box in Fig. 1a) .
The grid spacing that we used in the RTI processing is 0.3 km in all three spatial dimensions. The time interval between iterations is 15 ms. The grid spacing and time interval are carefully selected to manage the trade-off between computational efficiency and resolution in the inferred source location and time. The elevations of most of the stations of our temporary network are within ±300 m of a standard plane. So for simplicity, we projected all the selected stations onto the flat surface at the average elevation which resulted in negligible errors in the estimation of the source time and location. We used a homogeneous velocity model in the RTI processing with Vp = 5.8 km s -1 and Vs = 3.1 km s -1 . The 2-D velocity models from tomography studies of this region found that the P-wave velocity varies from 5 km s -1 near the surface to about 5.7 km s -1 at 4 km where it slowly rises to 6 km s -1 at 25 km depth (Zhang et al. 2009; Zou et al. 2011 ). An estimated 1-D velocity structure beneath our working area is shown in Supplement 2 (Supporting Information). This velocity model is similar to the 1-D velocity model in Chalfant Valley, California where the estimate of the hypocentre preformed using an average homogeneous velocity model did not differ considerably from those estimated using a 1-D gradient velocity models (Rietbrock & Scherbaum 1994) .
The origin times
RTI processing results in a 4-D image of the amplitudes backpropagated in time and in 3-D space. The largest amplitude will occur at the time and location corresponding to the origin time and hypocentre for the earthquake. If we had the complete wavefield, the backprojection would in theory collapse to a single point. However, digital sampling in time and limited spatial sampling by the seismic network result in imperfect backprojection. As a result, the image will be very rough. To smooth the amplitudes, we apply an averaging filter in time for the peak wavelength of 0.3 s (Fig. 2 shows the peak frequency for S2 is ∼3 Hz). To determine the depth and time for the events, the maximum amplitude from each depth slice of the 3-D image at each time period is extracted on a depth versus time axis (relative to the published time for S1, Fig. 3a) , which is then contoured in Fig. 3(b) . The contours in Fig. 3(b) are drawn at 80 per cent of the amplitude found for the images of S1 and S2. The peaks on these contour maps are presumed to be at the correct origin time and depth for each event. Fig. 3(c) is the result of projecting the maximum amplitude for each depth onto a single curve regardless of time to isolate the depth of each event. All the amplitudes in Fig. 3 were taken after subtracting the background amplitude, which is averaged from the entire cube, to call attention to the peak values (see Supplement 1).
The zero time in Fig. 3 corresponds to the published time for S1. So the times reported are relative to the event time for S1. A positive time would mean that the event occurred earlier than the published time of S1.
On the time-depth profile in Figs 3(a) and (b), we can see the largest amplitude for S1 is easily recognized as a peak at −0.8 ± 0.2 s, and at depth 1.5 ± 0.6 km. The peak corresponding to S2 appears at −0.1 ± 0.3 s, and at depth of 15 ± 0.6 km. Depths shown in all figures are relative to the free surface but those reported here, in the text, were shifted by 0.6 km to remove the depths relative to sea level. Errors in time and depth are based on the size of the width of the 80 per cent amplitude contour lines around the S1 and S2. The snapshots around the origin times of S1 and S2 are shown in Supplement 4. The narrow amplitude peak Figure 5 . Seismic section with the seismograms plotted by distance from the hypocentre for S2. The data are the same as those shown in Fig. 1(b) but rearranged to illustrate that the arrival times for the second event line up as would be expected for a source at that of S2. The red dashed line shows the approximate trend of the waveforms from S2. The waveforms of event S1 are circled by a dotted ellipse in pink. and, therefore, smaller errors for S1 compared to the peak associated with S2, is attributable to the longer wavelength of S2 than S1. Another weaker amplitude peak can be identified at (0.6 km, −0.95 s). This peak appears to be part of a group of sparsely distributed peaks near the source location of S1 on a horizontal slice at 0.6 km depth (as shown in Supplement 3) and appears to be an aliased ghost of the real peak for S1. As a result, this peak cannot be interpreted as an additional seismic event. The strength of this aliased shallower peak in the time-depth slice may be caused by the homogeneous velocity model which has a higher seismic velocity than the real value at shallow depth, and may result the near-offset seismic waves to interfere constructively at a shallower depth.
The locations of hypocentres
Once the arrival time for a given event is identified, we can investigate the location of the earthquake in spatial dimensions. We display three planes which are perpendicular to each of the spatial axes and cut through the largest peak in the migrated cube of amplitudes at the origin time inferred in the last section. Figs 4(a) and (b) show the imaged wavefields at the origin times for events S1 and S2, respectively. As indicated by the colour bar, areas with amplitudes less than 60 per cent of the maximum value are shaded in white, and areas with amplitude greater than 90 per cent of the maximum value are shaded in dark red. So the locations shaded in red are the regions with the high amplitudes and are the likely locations of events (circled on map view, slices on the X-Y plane in Fig. 4) . The locations of vertical slices (X-Z and Y-Z planes) are indicated by the dashed lines on the map view (XY plane). Additional discussion as to the determination of event time and location are given in Supplement 3. The crossing points of the dashed lines on the X-Y slices show the epicentres, which are at (27.3 km, 17.1 km) for S1 and at (48 km and 34.5 km) for S2, respectively. The published location of S1 is at (26.9 km, 19.5 km), is about 2.4 km to the north of the RTI location.
The relative amplitude distribution in a small region around S1 and S2 are enlarged and shown on the orthogonal cross-sections in Figs 4(c) and (d), respectively. The contour lines circle the locations at 90 per cent of the maximum relative amplitude on all crosssections. The precision in the location of the hypocentre for both S1 and S2 is best in map view (X-Y slices), where the width of the 90 per cent contours region is less than 0.3 km. The 90 per cent contours (for S1 and S2, each) on the depth cross-sections are much larger than those observed on map view. The errors in depth estimated for the shallow event, S1, is 1.2 km, which is less precise than the 0.6 km of deeper event S2. The different patterns of amplitude contours of S1 and S2 on depth slices may be caused by the uneven coverage of the seismic wave fronts from each station and the errors in velocity. In locating S1, the event was so shallow that the wave fronts were effectively travelling in the horizontal direction and there could only have horizontally travelling wave fronts contributing to the source images if there are no stations right on top of the event. In the case of S2, the event was deep enough that there were significant vertically propagating wave front from several adjacent stations to result in better depth resolution than S1.
To verify the locations of S2, we resorted the seismograms in Fig. 1(b) to display them as a function of distance from the epicentre found for S2 (Fig. 5) . The stations to the south of S2 are plotted on the negative axis. The wave front from S2 can be clearly identified by following the moveout curve (red dashed line) in Fig. 5 , which slopes away from the zero distance in both directions and reach a shortest traveltime at zero distance. The waveforms from S1 are separated from that of S2, and group together on the upper left corner of the profile as indicated by a dotted circle in Fig. 5 .
S Y N T H E T I C R E S O L U T I O N T E S T
To explore possible location errors due to limitations in station distribution, we produced synthetic seismograms for a simple doublecouple source at each of the event locations and origin times found above for S1 and S2 and recorded at the locations for the stations Figure 6 . Synthetic vertical-component seismic traces of the temporary stations (panel a) and the local permanent stations (panel b), generated for the S1 and S2 source parameters. These traces were plotted relative to their distance to S1 and should resemble the observed data in Fig. 1(b) . The seismograms shown in panel (a) are mixed with 10 per cent white noise to approximate the noise level of the real data. The red dashed line shows the moveout trends of the waveforms of event S2. Synthetics were only computed for the 11 local permanent stations shown in panel (b) locate on the west of longitude 110.6 • E as shown in Fig. 1(a) . in our temporary deployment. The double-couple seismic source parameters for an assumed reverse fault (which are typical for this region, Xia et al. 2008 ) for S1 and S2 were Dip 45
• , Rake 90
• and Strike 90
• reverse fault corresponding to the local compressional tectonic background (Wang et al. 2001) . The same 3-D pseudospectral elastic forward modelling applied in the real data case (Kosloff et al. 1984 ) was used to generate the synthetic seismograms. Grid spacing for both the forward and the RTI synthetic modelling is 0.5 km and a 25-ms time interval between iterations. The larger grid spacing and time spacing than that used in the real case allows us to incorporate larger area and longer time to search the possible aliasing in the source images. The source location was shifted to the nearest grid cell at (x 0 , y 0 , z 0 ) = (27, 17, 2) km for S1 and (x 0 , y 0 , z 0 ) = (50, 34, 15) km for S2. The time functions for both sources are assumed to be Ricker wavelets of the same amplitude and a centre frequency of 3 Hz. The velocity model and the distribution of stations used in the synthetic test are the same as that used for the RTI work above. Fig. 6 shows the synthetic vertical-component seismograms produced for the doublet recorded at the locations of the temporary network ( Fig. 6a) and at the permanent stations located west of longitude 110.6E (Fig. 6b) . The synthetics for the temporary stations were mixed with white noise that was using a 1-10-Hz bandpass filter and scaled to have standard deviation that is 10 per cent of the maximum amplitude of the synthetic seismogram. No noise was added to the synthetics for the permanent stations since they were not included in the RTI processing, and our discussion of these synthetics will focus on picking first arrivals and the interference between the signal from S1 and S2. The synthetics in Fig. 6 were plotted relative to the origin time and location of S1, to facilitate comparison with Fig. 1(b) . The mismatch between the seismograms in Figs 1(b) and 6(a) (such as the P-wave arrival of S2) are likely due to inaccuracies in the assumed focal mechanisms and, more likely, errors introduce by assuming a homogeneous velocity model in producing the synthetics. Fig. 6(b) shows that most of the first arrivals of S1 (red) are recognizable and free of interference from S2. So the traveltime location method used by the local earthquake monitoring system is able to locate S1. However, the many of the first-break waveforms of S2 (blue) are obscured by those of S1 and are difficult to picked by moveout analysis which we suspect to be the major reason that the local earthquake monitoring system failed to identify S2.
Following the same procedure introduced in Section 3.2 of this paper, we use RTI method to construct the time-depth profile to determine the origin times and depths of the events in this doublet. Fig. 7(b) shows that the RTI estimates the correct origin time when the correct velocity is used. The 90 per cent contour lines show that the maximum relative amplitudes are located within ±0.1 s of the origin time for S1 and within ±0.2 s for S2. The depths of the doublet show a little difference from the correct values. The depth of S1 is about 0.5 km shallower, while S2 is about 1 km deeper. Those may be caused by the influence of noise and insufficient station coverage. The larger error in S2 is likely the result of S2 being outside the temporary network and only includes stations from one side of the event. However, the overall pattern of the relative amplitude distribution on the time-depth profile is comparable with that shown in Fig. 3(b) .
To explore the errors that can be introduced by inaccuracies in the velocity model in the estimation of the origin time and focal depth, we repeat the RTI analysis of the same synthetics but using velocity models that are 5 per cent slower (Fig. 7a) and 5 per cent faster (Fig. 7c) than the model used to produce the synthetics. shows that the incorrect velocity have significant influence on the estimates of origin time. When the velocity used in RTI is lower than the correct velocity, a larger time delay is required to reach the distance where RTI analysis places the peak amplitude, which means the estimated origin time is forced to be earlier than the true origin time. Conversely, an erroneously high-velocity model will result in the estimated origin time being later than expected. Fig. 7 also shows that errors in the velocity model has larger impact on the Downloaded from https://academic.oup.com/gji/article-abstract/196/3/1858/586552 by Texas Tech Univ. Libraries user on 06 March 2019 estimated origin time of the deeper event than the shallower one. For the model with 5 per cent lower velocity, the origin times of S1 and S2 are advanced about 0.1 and 0.2 s, respectively. For the model with 5 per cent higher velocity, the origin times of S1 and S2 are delayed about 0.1 and 0.2 s, respectively. Comparing with the large effect of velocity on estimating origin time, the velocity variation seems to have less of an effect on the estimated depths which vary by less than 1 km for both S1 and S2. The depth range for the 90 per cent contour line have some overlap in all three images on Fig. 7 . These errors in time and depth are estimated for our station distribution, and might differ if the station distribution or densities are different. Fig. 8 shows three orthogonal slices through the RTI image field in 3-D space, for the estimated event times and locations for S1 (Fig. 8a) and S2 (Fig. 8b) . As shown in Figs 8(a) and (b), both S1 and S2 are imaged at the correct locations on each orthogonal slices, which means that our station distribution is sufficient for the RTI method to image the doublet.
D I S C U S S I O N A N D C O N C L U S I O N S
We present a case study of RTI to estimate the origin time and locate the hypocentre for a doublet of microearthquakes using the vertical-component, short-period seismic waveform data acquired by a temporary network in the TGR region. The RTI method works well in estimating the origin times of both events in the doublet after introducing a time-depth constrain. The deep event occurred 0.7 s earlier than the shallow one, though most of the P waves of the shallow event reached to the surface stations earlier than those of the deep event. The hypocentres of the doublet are determined as the two sharp amplitude peaks in the imaged wavefield, and are well separated in 3-D space. The existence of the doublet is also verified by spectral analysis and moveout analysis. The hypocentre and origin time of the shallow event from our RTI analysis is very close to that found by the local seismic monitoring system.
We tested the capability of our temporary network to resolve the doublet by modelling the propagation of the seismic waves from locations of the imaged doublet to the same locations as our temporary network. The results show a clear separation and well-resolved locations for these two earthquakes. The synthetic test shows that the RTI method is an effective way to identify microearthquake doublets using the data from a dense seismic network. The synthetic seismic records also indicate that the overlapping of waveforms of the doublet might be the reason that one event in the doublet was missed by the local monitoring system.
Our analysis indicates that an accurate seismic velocity is important to determine the origin time of microearthquakes using the RTI method. The lower velocity will cause earlier origin time, while the higher velocity will cause delayed origin times. Additional modelling with synthetics will be necessary to fully understand the affect of errors in the velocity model and station distribution/geometry on event location and time estimates using the RTI method. To improve RTI source imaging in TGR region, related studies to improve the velocity model and develop a 3-D velocity model are needed.
This study indicates that even for microearthquakes in a doublet with interfering wave fronts the RTI method can be effective to identify and locate the doublet if a sufficiently dense seismic network is available.
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